Deep ultraviolet ͑DUV͒ photoluminescence ͑PL͒ spectroscopy has been employed to investigate the exciton-phonon interaction in AlN. Longitudinal optical ͑LO͒ phonon replicas of free exciton recombination lines were observed in PL emission spectra, revealing the coupling of excitons with LO phonons. We have quantified such interaction by measuring Huang-Rhys factor based on polarization resolved DUV PL measurements. It was observed that the exciton-phonon coupling strength in AlN depends on the polarization configuration and is much larger in the direction with the electrical field ͑E ជ ͒ of the emitted light perpendicular to the wurtzite c-axis ͑E ជ Ќ c ជ͒ than in the direction of E ជ ʈ c ជ. Furthermore, a larger coupling constant was also measured in AlN than in GaN. The large effective hole to electron mass ratio in AlN, especially in the E ជ Ќ c ជ configuration, mainly accounts for the observed results. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3206672͔ AlN has attracted tremendous interest as a semiconductor material for deep UV ͑DUV͒ optoelectronic device applications because of its ultrahigh direct bandgap ͑ϳ6.1 eV͒. Recent advances in epitaxial growth techniques have made it possible to grow high quality AlN epilayers on different substrates.
AlN has attracted tremendous interest as a semiconductor material for deep UV ͑DUV͒ optoelectronic device applications because of its ultrahigh direct bandgap ͑ϳ6.1 eV͒. Recent advances in epitaxial growth techniques have made it possible to grow high quality AlN epilayers on different substrates. [1] [2] [3] [4] [5] A few active DUV devices based on pure AlN have also been demonstrated, including light emitting diodes with an emission wavelength of 210 nm ͑Ref. 6͒ and metalsemiconductor-metal and Schottky barrier photodetectors for DUV and extreme UV device applications. [7] [8] [9] The availability of device quality AlN epilayers also opens up new opportunities for probing fundamental parameters in AlN to a degree previously unattainable. Due to the ionic nature of III-nitrides, Frohlich interaction, which is the Coulomb interaction between electrons ͑holes͒ and longitudinal electric field produced by the zone-center longitudinal optical ͑LO͒ phonons, is stronger compared to deformation-potential or piezoelectric interaction in these materials. The coupling of carriers with LO phonons strongly influences the optical and transport properties of III-nitrides. 10 The A 1 ͑LO͒ phonon in AlN has an energy of about 110 meV as determined by the Raman spectroscopy measurement. 11 There have been previous reports on carrierphonon interaction in GaN, 12, 13 InGaN/GaN, and GaN/ AlGaN quantum wells.
14 To the best of our knowledge, no experimental work has been reported on the strength of such interactions in AlN due to the lack of high quality materials and proper characterization tools to match the ultrahigh band gap of AlN in the past. In this letter, we report on the observation of phonon replicas associated with the free exciton recombination and polarization resolved photoluminescence ͑PL͒ measurement of the exciton-phonon coupling strength ͑S͒ in wurtzite AlN.
AlN homo-and heteroepilayers with thicknesses of about 0.5 m were synthesized by metal organic chemical vapor deposition on both ͑0001͒ sapphire ͑Al 2 O 3 ͒ and AlN bulk crystal substrates ͑supplied by Crystal IS, Inc.͒. A thin layer of AlN buffer was deposited at 550°C prior to the growth of the heteroepilayer. Trimethyl aluminum and ammonia ͑NH 3 ͒ were used as Al and nitrogen sources. AlN epilayers were grown at 1200°C with a V/III ratio of around 150. PL signals were collected in two different configurations of the polarization of emitted light, e.g., the electrical field of the PL emission is directed either parallel ͑E ជ ʈ c ជ͒ or perpendicular ͑E ជ Ќ c ជ͒ to the wurtzite c-axis. A frequency quadrupled Ti-sapphire laser with a repetition rate of 76 MHz and 100 fs pulse width operating at 197 nm was focused onto the sample surface through a microscope objective. The collected PL signal was then dispersed by a 1.3 m monochromator and detected by a microchannel-plate photomultiplier tube.
Low temperature ͑10 K͒ PL spectra of an AlN epilayer grown on c-plane sapphire are shown in Fig the successive emission lines is 110 meV, which corresponds to the value of the LO phonon energy in AlN. 11 We thus assign the two lower energy peaks to the n = 1 and n = 2 phonon replicas of the main exciton transition line ͑n =0͒ in order by decreasing energy. We observed a similar trend of phonon assisted excitonic emission in the E ជ Ќ c ជ configuration, as illustrated in Fig. 1͑b͒ . In the latter case, though the intensity of the main exciton emission line ͑n =0͒ is much lower than that in the E ជ ʈ c ជ configuration due to the unique fundamental band structure of AlN, 16 the relative intensities of phonon assisted emission lines are much higher and LO phonon replicas up to n = 3 have been resolved. The appearance of the phonon replica lines is a clear indicator of a strong carrier-phonon interaction in AlN. It is also noted that the observed phonon lines have an energy separation corresponding to the A 1 ͑LO͒ phonon in AlN ͑110 meV͒ and no other phonon replica lines have been observed. This is consistent with the fact that the electron-LO phonon Frohlich interaction is the strongest in AlN. 10 The distribution of emission intensities among the main peak ͑n =0͒ and the phonon replicas ͑n = 1 and n =2͒ depends on the exciton-phonon coupling strength, which is expressed by Huang-Rhys factor S within the Franck-Condon approximation. At low temperatures, the emission intensity of the nth phonon replica ͑I n ͒ and the main emission line ͑I 0 ͒ are related by [17] [18] [19] 
where n =0,1,2,3,..., which represent the number of LO phonons involved. Figure 2 plots I n / I 0 for both E ជ ʈ c ជ and E ជ Ќ c ជ configurations. It is interesting to note that the coupling constant, S, in AlN varies greatly between the two polarization configurations of emitted light. The S-parameter obtained by fitting the observed I n / I 0 with Eq. ͑1͒ is S Ќ = 0.78 in the E ជ Ќ c ជ configuration, which is much higher than the value of S ʈ = 0.11 measured in the E ជ ʈ c ជ configuration.
For the free exciton in materials with wurtzite structures, the exciton-phonon coupling constant may be expressed in terms of the fundamental quantities including optical and static dielectric constants ͑k o , k s ͒, the hole to electron effective mass ratio ͑␣ = m h / m e ͒, Bohr radii of electron and hole ͑a e , a h ͒, and LO phonon energy ប LO ͑=110 meV͒ as follows: 20 
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It can be seen that between the two polarization configurations in AlN, the difference in the coupling parameter ͑S͒ predominantly originates from the value of ␣ since a h and a e are also related with ␣ through the relationship of a h͑e͒ = a ex / ͑1+m h͑e͒ / m e͑h͒ ͒, where a ex ͓=͑1 / m h +1/ m e ͒m 0 k s a 0 ͔ ͑Ref. 21͒ is the ground state exciton Bohr radius. More specifically, the value of ␣ is about 42 in the E ជ Ќ c ជ configuration and is about 11 in the E ជ ʈ c ជ configuration. 22 We have attempted to utilize Eq. ͑2͒ to estimate the hole effective mass anisotropy from the measured S values of E ជ Ќ c ជ and E ជ ʈ c ជ configurations. The deduced value of m h Ќ / m h ʈ from the measured S Ќ and S ʈ is about a factor of 2 larger than the calculated value, which is about 3.2. 22 We thus believe that Eq. ͑2͒ is able to provide a qualitative explanation to the measured S values. However, it has to be cautioned to use it to explain experimental results quantitatively.
The measured S-parameters in AlN in both polarization configurations are much larger than a previously reported value of about 0.007 in GaN epilayers in which the PL emission is polarized predominantly in the E ជ Ќ c ជ configuration. 23 In addition to possible differences in material qualities, several factors may also account for this enhanced coupling in AlN over GaN. These include ͑1͒ the much larger value of ␣ ͑ϳ42 in AlN in the E ជ Ќ c ជ configuration versus ϳ8.9 in GaN in both polarization configurations͒, 21 ͑2͒ smaller exciton Bohr radii ͑ϳ12 Å in AlN versus ϳ27 Å in GaN due to the differences in the effective masses and dielectric constants͒, 24, 25 and ͑3͒ stronger ionic bonding between Al-N over Ga-N.
A comparison between heteroepilayers and homoepilayers has also been carried out and the results are shown in Fig. 3 . In the AlN homoepilayer, emission lines at 6.03, 5.92, and 5.81 eV are due to the recombination of the free exciton and its 1LO and 2LO phonon replica, while the dominant emission line at 6.01 is associated with the donor-bound exciton ͑I 2 ͒. 26 The exciton-phonon coupling constant is found to be slightly larger in heteroepilayers ͑S = 0.11 for heteroepilayer versus 0.09 for homoepilayer͒. A previous study has indicated that the emission intensities of phonon replica lines in GaN are lower in epilayers containing higher density of impurities. 27 Due to the possible diffusion of residual impurities in the AlN bulk substrate to the epilayer; our homoepilayers also contain higher density of unintentional donors than the heteroepilayers, as corroborated by the fact that the I 2 emission is dominant in homoepilayers ͓Fig. 3͑b͔͒. In materials with high impurity concentrations, the scattering of exciton-polariton may be enhanced by impurity or related defects. Such scattering may assist in momentum transfer, and hence recombination becomes possible without the participation of phonons, which reduces the number of phonons involved, therefore weakening the coupling. Reduced efficiency of phonon assisted exciton emissions due to the enhanced scattering by defects has also been observed in p-type GaN. 28 Moreover, a previous observation of strong LO phonon replica emission lines relative to the zero-phonon line in Ga-face GaN epilayers ͑lower defect density͒ and almost no phonon replica in N-face GaN ͑higher defect density͒ is consistent with this argument because different polarities affect the growth modes and therefore the incorporation of defects. 29 In summary, exciton-phonon interactions in AlN have been investigated and it has been found that the coupling constant in AlN depends on the polarization configuration, and are 0.78 and 0.11 for the E ជ Ќ c ជ and E ជ ʈ c ជ configuration, respectively. Moreover, the coupling constant is larger in AlN than in GaN. The larger hole to electron effective mass ratio in AlN, especially in the E ជ Ќ c ជ polarization configuration, is one of the predominant factors that accounts for the observed strong exciton-LO phonon coupling strength in AlN. The strong carrier-phonon interaction in AlN may be exploited to maximize the benefits of phonon-assisted transitions in AlN based optoelectronic devices. 
